The uptake of succinate and malate has been compared in cultured cells and bacteroids of two species of slow-growing Rhizobium: R. japonicum (USDA 1-1 10) and cowpea Rhizobium (USDA 3278). Cultured cells of both organisms actively accumulated both compounds, and uptake was abolished by KCN and 2,4-DNP, but not by arsenate. Kinetic studies using cultured cells showed that succinate competitively inhibited malate uptake, and vice versa, implying a common step in the uptake of these dicarboxylic acids. Uptake of both of these compounds was inhibited by osmotic shock and N-ethylmaleimide in cultured cells of both species. Purified bacteroids accumulated succinate in a process that was sensitive to 2,4-DNP and KCN, but at a rate significantly slower than for cultured cells. No detectable malate uptake was observed in purified symbiotic cells. Furthermore, succinate uptake was insensitive to osmotic shock in bacteroids of both strains. These results show that although bacteroids of both strains are competent in succinate uptake, significant differences exist in the expression and/or stability of dicarboxylate uptake systems between free-living and symbiotic cells.
30 "C in a reciprocating shaker at approximately 5 cycles min-l for 6 d at pH 6.8 (final OD&t = 0-30-0.35). Prior to all experiments cells were harvested at 16000g, washed twice in TD buffer (50 mM-Tris/HCl, 1 mM-DTT, 5 m~-M g C l~, pH 7.5) and resuspended in approximately 5 ml of the same buffer to give a constant cell density of 1.5 x 1010 cells ml-I. Stock cultures were maintained on yeast extract/mannitol or yeast extract/glucose agar slants (Keele et al., 1969) .
Isolation of' crude bacteroid fraction. Seeds of host plants were surface-sterilized with 0-001 % mercuric chloride for 30 min, and rinsed eight times with sterile water. They were then germinated in a sterile moisture chamber on moistened filter paper, and inoculated within 2 d after germination with exponentially growing cultures of the appropriate symbiont grown on soil extract-glucose broth (American Type Culture Collection, 1982) . Germinated, inoculated seedlings were grown on washed, coarse sand under greenhouse conditions (24 "C ; normal day length) and were watered with a nitrogen-free salts solution and water (Sloger, 1969) . Between 40 and 60 nodules, 3-4 weeks old, were harvested into ice-cold buffer containing 50 mM-Tris/HCl, pH 7.5, 1 mM-DTT, 5 m~-MgCl,, 0.3 M-sucrose, 4% (w/v) soluble polyvinylpyrrolidone and 3% (w/v) fatty acid-free bovine serum albumin (bacteroid buffer). The nodule suspension (0-5 g ml-l) was ground in a mortar and pestle, homogenized (5 strokes manually in a dounce homogenizer) and filtered through four layers of cheesecloth (Ching et al., 1977) . All of these steps were carried out on ice. The filtrate was centrifuged at 200 g for 5 min to remove large plant fragments. The supernatant was subjected to one centrifugation at 5000g for 10 min, and the pellet containing the bacteroid fraction was washed once and taken up in bacteroid buffer (crude bacteroid fraction).
Bacteroid purification. The crude bacteroid suspension (1.25 ml) was layered on an 1 1 ml discontinuous sucrose gradient as described by Ching et al. (1977) . Bacterial, partially transformed bacterial, and mature bacteroidal fractions were separated on a sucrose gradient as described by Ching et al. (1977) . The mature bacteroid fraction at the 45%/50% sucrose interface was carefully remobed with a Pasteur pipette (total volume = 1 ml), centrifuged at 17000 g for 10 min, washed in bacteroid buffer, and taken up in 2 ml of the same buffer.
Uptake assays. With cells grown in culture, uptake experiments were performed at 30 "C in a rotary shaker in buffer (pH 7.5) containing a mixture of mineral salts: 2.4 mwpotassium phosphate, 1 ~M-NH,NO,, 1.3 mMNaCl, 0.4 rn~-MgSo, plus trace minerals (Brown & Dilworth, 1975) , 15 mM-Tris/HCl, 0.3 MM-DTT, 50 p1 cell suspension and 50 p1 water or inhibitor in a total volume of 0.45 ml (final cell density = 1.7 x lo9 cells ml-l or 0.4 mg protein ml-I). The cell suspension was in all cases incubated with this mixture for 2 min prior to the addition of the radioactive substrate. The desired amount (usually 50 nmol) of [ 14C]succinate (185 MBq mmol-I) or [ 14C] malate (185 MBq mmol-I) was then added in a 50 p1 volume and uptake was terminated at various times by filtering 50 p1 of the suspension through a nitrocellulose filter (0.45 pm, Millipore), and washing once with 1.5 ml of mineral salts buffer. The filters were air-dried and radioactivity was determined in toluene/Triton X-100 (2: 1, v/v) scintillation fluid containing (1-I): 0.33 g PPO and 0.125 g dimethyl POPOP.
For bacteroid preparations, uptake experiments were performed as described above except that bacteroid buffer replaced the incubation and washing buffers. In the inhibitor studies using arsenate, phosphate was omitted from the incubation mixture.
Protein assay. Total protein was assayed by the Lowry method, with BSA as the standard.
Osmotic shock. Cells were osmotically shocked using a procedure similar to that described by de Vries et al. (1982) . Cells were washed with T D buffer, incubated in 50 mM-Tris/HCl, 1 mM-EDTA and 0.6 M-sucrose, pH 7.5, for 30 min at 30 "C and subjected to osmotic shock by a rapid 40-fold dilution into distilled water at 4 "C and vortexing for 45 s. Before uptake was assayed, the cells were centrifuged at 10000 g and resuspended in TD buffer.
RESULTS

Dicarboxylate uptake in cultured cells
The uptake of succinate and malate in cultured cells of both slow-growing strains was effectively inhibited by the protonophore 2,4-DNP and the electron transport inhibitor KCN (Fig. 1) . This uptake was active for both compounds, since the intracellular concentrations of succinate and malate attained after 2 min were approximately 50-fold and 10-20-fold the medium concentration of these compounds, respectively, for both strains [assuming that 1 mg dry wt of cells occupies a volume of approximately 5 pl (Reibach & Streeter, 1984) and that approximately 50% of the dry wt of cells is protein (G. Jacobson, unpublished observation)]. Potassium arsenate did not inhibit the uptake of either compound appreciably, suggesting that dicarboxylate uptake is not dependent on a high energy phosphate intermediate. Malate and succinate were found to inhibit the uptake of one another by about 50% when present in equimolar concentrations, implying that a common carrier could be involved ( Table 1) . Glucose present in the assay mixture was found to exert only a slight inhibitory effect on dicarboxylate uptake in both strains ( Table 1 ). The rates of succinate and malate uptake in cells grown on succinate, malate, glucose or succinate plus glucose were essentially the same (Fig. 2 ). This suggests that dicarboxylate uptake activity in these strains is expressed constitutively.
Kinetic experiments designed to determine whether succinate and malate are taken up by the same system were done with cultured cells of strain 1-110 (Fig. 3 ). Competitive inhibition of succinate uptake by malate ( Fig. 3a) and of malate uptake by succinate ( Fig. 36 ) occurred, indicating a common rate-limiting step in the uptake of the two substrates. Similar results were recently obtained by McAllister & Lepo (1983) in two other strains of R. japonicum.
To determine if the dicarboxylate uptake systems were dependent on free thiol groups, cultured cells were treated with NEM, which caused a marked decrease in the abilities of freeliving cells to take up dicarboxylates (Table 1) . Pretreatment of cells with NEM in the presence of a 100-fold excess of substrate followed by removal of the inhibitor did not protect against inactivation (not shown).
was investigated by observing the sensitivity of uptake to osmotic shock. The uptake of succinate and malate in cultured cells of both strains was markedly inhibited by this treatment (Fig. 4a, b) . This osmotic shock procedure did not inhibit glucose uptake in these strains (unpublished) , showing that this treatment did not cause general membrane or physiological damage.
'
The potential involvement of periplasmic binding proteins in the uptake of dicarboxylic acids .
Dicarboxylate uptake by crude and purified bacteroid preparations Both crude and purified bacteroid preparations were assayed for their ability to take up succinate and malate (Fig. 5) . After 5 min, the intracellular concentrations of succinate and malate were approximately 5-1 1 -fold and 3-4-fold the medium concentrations, respectively, of these compounds, except for malate uptake in purified bacteroids, which was not detected. Some malate uptake, however, was detected in the crude preparation. The uptake of succinate was found to be sensitive to the metabolic inhibitors KCN and 2,4-DNP in both preparations, as was the uptake of malate in crude bacteroids ( Table 2) . As in cultured cells, arsenate or glucose had only a slight inhibitory effect on dicarboxylate uptake in bacteroids (Table 2) . Also, NEM was found to greatly decrease dicarboxylate uptake in crude bacteroids (Table 2) , and pretreatment with substrate did not result in any protection against the effect of this compound, as was the case for cultured cells (not shown). In contrast to cultured cells, however, osmotic shock treatment of bacteroids using the same procedure as for free-living cells did not result in loss of succinate uptake activity (Fig. 4c, d ). Uptake is expressed as percentage of control rates (no inhibitor) which were in nmol min-l (mg protein)-' : 23 for succinate and 12 for malate in strain 1-1 10, and 28 for succinate and 4.7 for malate in strain 3278. Uptake was terminated at 2 min under conditions described in Methods. Values given are the means ( f s~) of three independent determinations in each case. Kinetic measurements of dicarboxylate uptake The uptake of succinate and malate was a saturable function of substrate concentration for both strains and for both cell types. Table 3 gives the kinetic constants determined by measuring the initial uptake rate of these compounds at concentrations varied between 1 and 25 p~. The maximal velocity of succinate uptake was 5-fold higher, and of malate was about 20-fold higher, in cultured cells compared to crude bacteroids of strain 1-110, while in strain 3278 both compounds were accumulated at 20-25-fold higher rates in cultured cells compared to crude bacteroids. There was no significant difference between cultured and crude bacteroid cells, however, in apparent K , values for succinate uptake, while the K,,, values for malate uptake were about 3-fold higher in crude bacteroids compared to free-living cells (Table 3) . No marked differences were observed in either the maximal rates of uptake, or in K,,, values, for dicarboxylates between R. japonicum and cowpea Rhizobium uptake systems (Table 3) . These data also show that the maximal uptake rates in both species are greater for succinate than for malate in both cultured cells and in crude bacteroids. Kinetic parameters for malate uptake in purified bacteroids could not be determined since these cells failed to accumulate this dicarboxylic acid (Fig. 5) .
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DISCUSSION
The susceptibilities of the dicarboxylate uptake systems of the two species of slow-growing Rhizobium to KCN and 2,4-DNP ( Fig. 1 and Tables 1 and 2) indicate that the systems are dependent upon an energized membrane state as has been shown for other rhizobia (Glenn et Dicarboxylate uptake was severely inhibited by NEM as has also been found in Escherichia coli (Lo et al., 1972) and in R. leguminosarum (Glenn et al., 1980) . Under the conditions used here for NEM modification, predominantly thiol groups are affected (Riordan & Vallee, 1967) . Thus, the inhibition of dicarboxylate uptake by NEM in cultured and symbiotic cells of both strains indicates the involvement of free thiol groups in maximal uptake activities. The inability of substrates to protect against NEM inactivation may indicate that the modified thiol groups and the substrate binding site are separate. * Similar values were obtained for succinate uptake in purified bacteroid preparations, although purified bacteroids failed to take up malate (cf. Fig. 5 ).
Dicarboxylate uptake in both species appeared to be constitutive since maximal uptake activity was similar in cells grown on dicarboxylic acids and cells grown on glucose. The uptake was not found to be subject to significant repression by glucose in cells grown on both sugar and dicarboxylic acid (Fig. 2) . These observations are somewhat in contrast to those of McAllister & Lepo (1983) who reported a 63% and 92% loss in succinate uptake activity in strains 110 and 217 of R . japonicum, respectively, grown on glucose. Our results are not consistent with the control of dicarboxylate transport by catabolite repression or a similar mechanism in the species studied. Indeed, C4 dicarboxylic acids appear to repress glucose uptake in these species rather than the reverse (unpublished).
In cultured cells, the uptake of both succinate and malate was partially sensitive to osmotic shock (Fig. 4) , suggesting a possible dependence on periplasmic binding proteins (cf. de Vries et al., 1982). The finding that dicarboxylate uptake in crude bacteroids was insensitive to the same osmotic shock procedure suggests either that these differentiated cells possess fundamentally different dicarboxylate transport systems, or that the procedure employed fails to release periplasmic proteins of bacteroids. Yet another possibility could be that periplasmic binding proteins are lost in bacteroid isolation. Although this may be true for malate (see below), it does not seem to be a likely explanation for succinate since the K,,, values for succinate uptake in cultured cells and bacteroids are very similar and do not reflect a loss of binding proteins (Anraku, 1978) .
Our kinetic data for the uptake of succinate and malate in cultured cells (Table 3) differ somewhat from those obtained previously by McAllister & Lepo (1983) in other strains of slowgrowing rhizobia. For example, the V,,, for succinate uptake in cultured cells of strain 1-1 10 was about 15-fold higher than the value reported by these workers. The different maximal uptake rates observed in our study may be explained in part by differences in experimental conditions. For example, uptake was measured at room temperature in the procedure of McAllister & Lepo (1983) , whereas the temperature used in this study was 30°C.
The V,,, values for both succinate and malate uptake were considerably lower in crude bacteroids than those for cultured cells of both strains (Table 3) , but similar to the values obtained recently by Reibach & Streeter (1984) in bacteroids of a different R. japonicum strain. The bacteroid preparation used by these workers was likely to comprise not only differentiated bacteroids, but also 'transforming' and untransformed bacteria since their bacteroid isolation procedure did not separate these different cell types (Reibach et al., 1981) . However, when a procedure that does separate these cell types was used (Ching et af., 1977), purified mature bacteroids of both strains accumulated succinate but not malate (Fig. 5) . Whether this loss of malate uptake activity is inherent in the differentiation process, or represents damage to the bacteroids during their purification (for example loss of a malatespecific binding protein from the periplasm), remains to be determined. However, this observation is especially intriguing in view of the fact that in cultured cells there must be a common rate-limiting step for the uptake of these two compounds (Fig. 3) .
Our data are consistent with the hypothesis that succinate may be a preferred carbon and energy source for bacteroids of slow-growing rhizobia, as has been reported to be the case in fastgrowing species (Ronson et af., 1981; Finan et af., 1983). However, the development of a vesicular system in which to study rhizobial transport directly, uncoupled from metabolism, and perhaps the use of bacteroids isolated by procedures in which the peribacteroid membranes remain intact (Verma et al., 1978) , will ultimately be necessary to assess the full transport capabilities of symbiotic rhizobial cells.
